Accumulation of the non-reducing disaccharide trehalose is associated with desiccation tolerance during anhydrobiosis in a number of invertebrates, but there is little information on trehalose biosynthetic genes in these organisms. We have identified two trehalose-6-phosphate synthase (tps) genes in the anhydrobiotic nematode Aphelenchus avenae and determined full length cDNA sequences for both; for comparison, full length tps cDNAs from the model nematode, Caenorhabditis elegans, have also been obtained. The A. avenae genes encode very similar proteins containing the catalytic domain characteristic of the GT-20 family of glycosyltransferases and are most similar to tps-2 of C. elegans; no evidence was found for a gene in A. avenae corresponding to Ce-tps-1. Analysis of A. avenae tps cDNAs revealed several features of interest, including alternative trans-splicing of spliced leader sequences in Aav-tps-1, and four different, novel SL1-related transspliced leaders, which were different to the canonical SL1 sequence found in all other nematodes studied. The latter observation suggests that A. avenae does not comply with the strict evolutionary conservation of SL1 sequences observed in other species. Unusual features were also noted in predicted nematode TPS proteins, which distinguish them from homologues in other higher eukaryotes (plants and insects) and in micro-organisms. Phylogenetic analysis confirmed their membership of the GT-20 glycosyltransferase family, but indicated an accelerated rate of molecular evolution. Furthermore, nematode TPS proteins possess N-and C-terminal domains, which are unrelated to those of other eukaryotes: nematode C-terminal domains, for example, do not contain trehalose-6-phosphate phosphatase-like sequences, as seen in plant and insect homologues. During onset of anhydrobiosis, both tps genes in A. avenae are upregulated, but exposure to cold or increased osmolarity also results in gene induction, although to a lesser extent. Trehalose seems likely therefore to play a role in a number of stress responses in nematodes.
Introduction
Water is considered a prerequisite for life, but some organisms survive desiccation for indefinite periods by entering a state of suspended animation. This ability, called anhydrobiosis ("life without water"), occurs across all biological kingdoms, including bacteria, fungi, animals, and plants. Members of three invertebrate taxa, bdelloid rotifers, tardigrades and nematodes, can undergo anhydrobiosis at all stages of the life cycle; other invertebrates have stage-specific anhydrobiotic forms (reviewed in Ref. [1] ). The molecular mechanisms governing anhydrobiosis are not well understood, but there is considerable interest in the role of the non-reducing disaccharides trehalose (in animals and fungi) and sucrose (in plants). For instance, when Aphelenchus avenae, a soildwelling fungivorous nematode amenable to laboratory culture, is dried slowly to induce anhydrobiosis, it converts up to 20% of its dry weight to trehalose and this correlates with acquisition of desiccation tolerance [2, 3] , albeit somewhat loosely [4] . Surprisingly, however, bdelloid rotifers seem unable to produce trehalose at all [5] , although their anhydrobiotic capability is well established [1] . Nevertheless, the importance of non-reducing disaccharides has been stressed repeatedly, since it is well known that such sugars are able to stabilise dried proteins and membrane systems in vitro and it is widely assumed they have similar stabilising properties in vivo [6] .
Three main biosynthetic routes for trehalose are recognised [7] , the most common of which involves transfer of glucose from UDP-glucose to glucose-6-phosphate to yield trehalose-6-phosphate, followed by removal of the phosphate to give trehalose; these steps are catalysed by trehalose-6-phosphate synthase (EC 2.4.1.15) and trehalose-6-phosphate phosphatase (EC 3.1.3.12), respectively. Genes encoding the first of these enzymes (tps) have been identified in a wide range of organisms, including plants (e.g., Selaginella lepidophylla [8] ), invertebrates (e.g., Caenorhabditis elegans [9] ), yeast (e.g., Saccharomyces cerevisiae [10, 11] ) and bacteria (e.g., Escherichia coli [12] ); trehalose-6-phosphate phosphatase genes have also been characterised for many micro-organisms. Although some of these organisms are anhydrobiotic (e.g., Se. lepidophyllum, Sa. cerevisiae), the majority are not; accordingly, in the latter species, the role of trehalose is probably not related to desiccation tolerance. Rather, trehalose might be a general stress molecule, at least in micro-organisms, being linked to multiple stress responses, including those to heat [13, 14] , cold [15] , reactive oxygen species [16] and elevated osmolarity [17] .
Thus, although there is significant information on the genetics of trehalose synthesis in desiccation-sensitive organisms, little is known in anhydrobiotic animals, despite its potential importance for them. To begin to redress this imbalance, we have characterised full length cDNAs for tps genes from the nematode A. avenae, compared them to counterparts in C. elegans, and examined the regulation of these genes under several stress conditions, including dehydration. We also present data on splicing of tps mRNAs-including the use of novel spliced leader sequences, and evidence for alternative trans-and cis-splicing-and on the evolution and structure of nematode TPS proteins.
Material and methods

Isolation of tps cDNAs from A. avenae and C. elegans
A. avenae and C. elegans were grown as described [3, 18] . Degenerate PCR primers [5] were used to amplify tps fragments from genomic DNA, isolated as described [3] , of both nematode species. From these sequences, specific primers were designed to generate corresponding partial cDNA sequences by reverse-transcriptase PCR (RT-PCR). Total RNA was digested with RQ1 RNase-free DNase (Promega) and purified by phenol/chloroform extraction. RT-PCR was performed in one step with gene-specific primers using the Access RT-PCR system (Promega): 3 µl RNA was used as template according to manufacturer's instructions except that Red Hot DNA polymerase (ABgene) was used. Incubations comprised one cycle of 48°C for 45 min, 94°C for 2 min to synthesize first strand cDNA and to denature template, followed by 40 cycles at 94°C for 30 s, 55°C for 1 min and 68°C for 2 min, followed by a final extension at 68°C for 7 min to synthesize second strand and amplify DNA. The 5′ and 3′ ends of A. avenae and C. elegans transcripts were identified using the GeneRacer kit (Invitrogen). PCR products were cloned into pCR4-TOPO vector, and transformed into One-Shot chemically competent bacteria (Invitrogen). Full length cDNA was generated, after reverse transcription of total RNA, using gene-specific primers with KOD XL DNA polymerase (Novagen), as follows: 94°C for 1 min, followed by 30 cycles at 94°C for 30 s, 58°C for 2 s and 70°C for 4 min, followed by a final extension at 74°C for 10 min. Internal primers were designed to sequence all cDNAs on both strands. Southern hybridisations were carried out as described [3] , except that probes were detected using an AlkPhos direct labelling and detection system (Amersham Pharmacia Biotech). Fragments corresponding to nucleotides 1280-1990 of Aav-tps-1 complete cDNA sequence and nucleotides 1580-2290 of Ce-tps-1 complete cDNA sequence were used as probes.
Phylogenetic analysis
Apart from the A. avenae and C. elegans TPS sequences derived for this paper, sequences were retrieved from GenBank (http://www.ncbi.nlm.nih.gov) or the CAZy database of GT-20 family members (http://afmb.cnrs-mrs.fr/CAZY). Their species and accession numbers are A. thaliana TPS1 (CAA69879), Se. lepidophylla (U96736), Sa. cerevisiae
Multiple alignments were performed with ClustalX [19] using the Gonnet 250 matrix. For pairwise alignments the gap opening penalty was set at 35.0 and the gap extension penalty at 0.75. For multiple alignments the gap opening penalty was set at 15.0 and the gap extension penalty at 0.30. The alignment of GT-20 regions used for tree building corresponds to residues 286-710 of Aav-TPS-1. Phylogenetic analyses were carried out on the amino acid alignment using maximum parsimony (MP), maximum likelihood (ML), neighbor joining (NJ) and Bayesian inference. In all cases, E. coli and S. meliloti were used as a monophyletic outgroup. Unweighted MP analyses were carried out with PAUP* 4.0b10 [20] using heuristic methods. Gaps in the alignment were treated as missing data; the NJ tree was constructed using the same program. The ML phylogenetic tree was constructed using the WAG model of amino acid substitution [21] as implemented in Tree-Puzzle 5.2 (www.tree-puzzle.de; [22] ). The data set was tested against all available models of protein evolution in Tree-Puzzle 5.2; the WAG model gave the best ML score. Bayesian trees were constructed using MrBayes 3.0B4 [23] . A 5,000,000 generation Monte Carlo Markov chain was carried out with sampling every 100th generation. The first 500 trees were discarded and the remaining trees were combined into a single file which was imported into PAUP* 4.0b10 to compute the 50% majority rule consensus tree. Nodal support for the MP and NJ trees was estimated using bootstrap analyses based on 1000 replicates with PAUP* programs. Bootstrap supports for the ML tree were obtained using puzzleboot (www.tree-puzzle.de/ puzzleboot.sh), which determines the ML distance matrices of appropriately resampled data partitions. Posterior probabilities for the Bayesian consensus tree were determined using the sumt command of MrBayes 3.0B4.
Quantitative real-time reverse transcriptase PCR
Quantitative PCR and stress treatment of nematodes were performed as described [3] . To generate gene-specific realtime PCR standards, primers were designed that amplified a small region (~125 bp) of the target (Aav-tps-1 and Aavtps-2) and control (Aav-ama-1) genes. Specific forward primers were used for Aav-tps-1 (5′-GAG CAG CAT TTG CAT ACA AAA AC-3′) and Aav-tps-2 (5′-GAG TTT ACG TAC GAA CAA ATT GG-3′) together with a common reverse primer (5′-GTT GTG CTG ACC TTA TTC GTC T-3′). Preliminary RT-PCR experiments were performed to establish conditions for gene-specific amplication.
Results
Trehalose-6-phosphate synthase cDNAs from A. avenae and C. elegans
Full length cDNA clones were obtained for both tps genes, Ce-tps-1 (chromosome X) and Ce-tps-2 (chromosome II), of C. elegans (accession nos. AJ811573 and AJ811574, respectively). For Ce-tps-1, the cDNA sequence predicts a protein 1331 amino acids in length, with M r 151,000; for Ce-tps-2, a protein of 1229 amino acids and M r 140,000 is predicted. Similar sequences from overlapping cDNA clones were also reported for both genes by Pellerone et al. [9] (accession nos. AJ512332 and AJ512333, respectively).
Two different tps genes were also identified in A. avenae and full length cDNA sequences were determined for both from multiple RT-PCR and RACE clones;~70% of the cDNA sequence was also checked against genomic sequence, showing that there are at least 17 exons for Aav-tps-1, and at least 15 exons for Aav-tps-2. For Aav-tps-1, alternative transsplicing of the same spliced leader sequence was observed, giving two mRNAs (AJ811568 and AJ811569, respectively) which differ in the extent of their 5′ ends, with total length 3945 or 3396 bases (excluding spliced leader and polyA tail, but including 3′ untranslated region; Fig. 1A ), respectively. This alternative splicing gives rise to two forms of protein, 1155 and 980 residues in length, and M r 131,000 and 112,000, respectively, assuming cis-splicing is identical; the short form derives from a mRNA which lacks the first four exons. Aavtps-2 mRNA, as derived from overlapping RT-PCR and RACE clones, is 4291 bases long (AJ811570) and encodes a protein of 1303 amino acids in length, with M r 148 000; a full length Aav-tps-2 cDNA (clone T3; AJ811571), corresponding to this sequence, has also been obtained. The Aav-tps-2 mRNA is therefore somewhat longer than the equivalent mRNAs from Aav-tps-1; despite repeated attempts by 5′-RACE cloning, we were unable to find evidence for a comparable, longer version of Aav-tps-1 mRNA; nor have we found a very short form of Aav-tps-2 comparable to that of internally transspliced Aav-tps-1 lacking the first four exons.
An alignment of cDNA sequences of Aav-tps-1 and Aavtps-2 showed up variation in internal cis-splicing of tps exons (not shown). Thus, although both genes have similar exon structure, as determined by partial genomic sequencing, alternative splice donor sites are used in exons 4 and 5. While for Aav-tps-1, exon 4 contributes 185, and exon 5 220 bases to the mature mRNA, the equivalent exons of Aav-tps-2 contribute 233 and 169 bases, respectively; different splice donor positions are used for these exons in the two genes (Fig. 1B) . Intriguingly, however, we have also identified a variant, full length cDNA clone (T10; AJ811572) which is most similar to Aav-tps-2 but which displays a splicing pattern like that of Aav-tps-1, suggesting that alternative splicing might occur within the same gene. Thus, variable splicing, both in cis and in trans, appears to take place in A. avenae tps pre-mRNAs.
Multiple novel spliced leader sequences in Aav-tps-2 mRNAs
Unusually, although alternative trans-splicing was not observed in Aav-tps-2, four variant spliced leader sequences were found in RACE cDNA clones from this gene, one of which, SL1a, was identical to that used in Aav-tps-1; SL1a was found in three independent cDNA clones from two different genes. SL1a differs from C. elegans SL1 in two positions out of 22; in fact, none of the A. avenae SL sequences was identical to those of C. elegans and other nematode species, although one variant (SL1b) differs from the canonical SL1 by only a single base (Table 1 ). All four A. avenae spliced leaders are related to SL1 since they have the characteristic block of eight A or T residues after the initial G dimer, and all end in TTTGAG, like C. elegans SL1. In contrast, C. elegans SL2 and all other minor spliced leaders from this nematode are characterised by a block of six A or T residues after the initial GG; their sequences also all end in PyAAG, usually CAAG. The variability in A. avenae spliced leader sequences is striking, since in all other nematode species examined, the SL1 sequence is absolutely conserved [24] , with one exception where a SL1 variant differing by a single base was seen [25, 26] .
Diversity of tps genes in A. avenae and C. elegans
The predicted protein sequences from A. avenae tps genes (Aav-TPS-1 and Aav-TPS-2, respectively) are extremely simi- lar: the major differences are at the N-terminus, where Aav-TPS-2 is longer than the longest form of Aav-TPS-1 by 149 residues, and in the alternatively cis-spliced region noted above. The remaining protein sequences are identical apart from four amino acid replacements. Intriguingly, both A. avenae tps genes are homologues of tps-2 from C. elegans; to date, we have not found a counterpart of C. elegans tps-1. At the protein level, Aav-TPS-2 and Ce-TPS-2 show 62% similarity, whereas only 49% similarity is seen between Aav-TPS-2 and Ce-TPS-1; an alignment of both C. elegans TPS sequences with each other shows only 51% similarity. Therefore, TPS-2 sequences from both nematodes show approximately the same evolutionary distance from Ce-TPS-1. One interpretation of this observation is that the two tps genes represented in C. elegans diverged before the evolutionary separation of the two species of nematode, after which the gene equivalent to Ce-tps-2 in A. avenae was reduplicated to give Aav-tps-1 and Aav-tps-2.
Southern hybridisation results are consistent with the lack of a Ce-tps-1 homologue in A. avenae. Fig. 2A shows genomic DNA from both nematode species digested with EcoRI and hybridised under low stringency conditions with a cDNA sequence representing part of the Ce-tps-1 coding region. While two hybridising bands are clearly visible in C. elegans DNA, presumably corresponding to Ce-tps-1 and Ce-tps-2, no fragments were detected in the A. avenae DNA digest.
When A. avenae DNA digested with a range of restriction enzymes is hybridised with a probe from one of its own genes, Aav-tps-1, two bands are seen in most tracks, consistent with the presence of two tps genes (Fig. 2B) .
Comparison and phylogenetic analysis of TPS protein sequences
TPS sequences comprise glycosyltransferase family 20 (GT-20) of carbohydrate active enzymes (CAZy; afmb.cnrsmrs.fr/CAZY/GT_20.html). The type sequence is OtsA from E. coli, which is folded into two domains and assembled as a tetramer [27] ; most prokaryotic TPS sequences in the CAZy database are similar to OtsA in length and sequence, and therefore probably share this structure. The central region of nematode TPS proteins, and equivalent sequences from other eukaryotic TPS proteins, can be aligned with OtsA; we refer to this common sequence as the GT-20 region.
Amino acid alignments of GT-20 regions from 15 microbial, plant and animal TPS sequences, including those of the nematodes described above, were made with ClustalX and phylogenetic analyses were carried out using four methods: maximum parsimony (MP), maximum likelihood (ML), neighbor joining (NJ) and Bayesian inference. Bacterial sequences from E. coli and S. meliloti were defined as a monophyletic outgroup. Fig. 3A shows the dendrogram derived from ML analysis, but the same topology was obtained with all phylogenetic reconstruction methods. The tree is robust with bootstrap values of 100% at most nodes and is in accord with organismal phylogeny. The grouping of C. glabrata and S. cerevisiae in a single clade is in agreement with recent phylogenetic analyses [28, 29] . The lower bootstrap support for the grouping of S. pombe and N. crassa reflects their placement in different clades in the phylum Ascomycota [29] .
The phylogenetic analysis confirms the close relationship between nematode TPS sequences (from A. avenae, C. elegans and C. briggsae), which show up to 70% identity across genera in the GT-20 region, and supports the hypothesis that the two C. elegans genes diverged before the evolutionary separation from A. avenae, after which a reduplication event occurred in A. avenae to give rise to Aav-tps-1 and Aav-tps-2. Strikingly, as indicated by the ML and NJ phylograms, nema- tode GT-20 region sequences show accelerated evolution in comparison to other homologues, whether from microorganisms, plants or animals. This apparent anomaly of nematode TPS sequences could be due to the accelerated molecular evolution in phylum Nematoda relative to other animal taxa [30] . One unique feature of nematode GT-20 regions which emerges from the alignment is an insertion of approximately 50-80 residues (positions 194-274 of Aav-TPS-1), corresponding largely to exon 5 in Aav-tps-1. Despite these features, the phylogenetic analysis supports the inclusion of the nematode proteins in the GT-20 family of glycosyltranserases and emphasises the sequence conservation of the catalytic core.
As well as the GT-20 region, plant and animal TPS proteins have a large C-terminal domain; nematode and plant TPS proteins also have a substantial N-terminal extension (Fig. 3B) . In plants, the C-terminal domain has been reported to show similarity to bacterial trehalose-6-phosphate phosphatase (TPP; exemplified by OtsB from E. coli) suggesting that both activities required for trehalose synthesis are contained within the same protein. Zentella et al. [8] and Vogel et al. [31] were unable to confirm TPP activity encoded by tps genes from S. lepidophylla and A. thaliana, respectively, however. This is perhaps not surprising, since the similarity between the plant C-terminal TPS and OtsB sequences is slight; more extensive is the relatedness between insect C-terminal TPS sequences and OtsB (data not shown), and it is likely that these TPP-related sequences are functional since the Drosophila TPS1 protein alone is able to direct trehalose synthesis in human cells [32] . No relatedness to TPP is apparent in TPS sequences from nematodes, however: BLAST searches with Aav-TPS-2 C-terminal sequences (residues 886-1303) show strong matches with the equivalent regions of C. elegans TPS proteins, but no apparent similarity with TPP sequences from micro-organisms or plants, nor with plant or insect TPS proteins (data not shown). Weaker but significant BLAST matches were seen with GOB-1 (Q9XTQ5), a chaperone-like protein in C. elegans with possible involvement in growth and locomotion; with a hypothetical protein (NP_662202) from Chlorobium tepidum, a photosynthetic, anaerobic, green-sulphur bacterium; and with hydrolases of the HAD superfamily; the relevance of these matches is unclear at present. The function of the N-terminal domain of nematode TPS proteins is even more of a puzzle, being of variable length and apparently unrelated to other proteins: the N-terminal 250 residues of Aav-TPS-2 show no significant BLAST matches other than with equivalent sequences from other nematodes. In summary, nematode TPS sequences possess several features which distinguish them from those of micro-organisms and other higher eukaryotes and we can categorise TPS proteins into at least three groups accordingly.
Regulation of A. avenae tps genes by water stress
One mechanism by which the trehalose accumulation associated with anhydrobiosis in A. avenae might be achieved is by upregulation of its trehalose synthase genes. To test this, the expression level of both Aav-tps-1 and Aav-tps-2 during dehydration was estimated by quantitative PCR. The specificity of any response was determined by comparison with expression levels under other stress conditions, namely cold and heat shock, and oxidative and osmotic stresses. An absolute quantification method using a gene-specific external standard curve was used to determine the copy number of each gene per µg of total RNA. Primer combinations specific for each tps gene were chosen, allowing expression of each gene to be assessed separately, as well as for Aav-ama-1, which encodes a subunit of RNA polymerase II, as an internal reference. Fig. 4 shows that Aav-tps-1 and Aav-tps-2 mRNA levels are both increased approximately threefold in drying nematodes, and therefore that expression is responsive to water loss. Cold stress and hyperosmotic stress also result in a slight increase in tps gene expression, although less than twofold in each case; in contrast, oxidative and heat stress do not appear to affect expression significantly. Survival of A. avenae was comparable for each of the various stresses imposed. Thus, expression of both tps genes is consistent with a role for trehalose in combatting water, and perhaps other, stresses.
Discussion
Trehalose has been implicated in anhydrobiosis for over 30 years due to its presence in a number of organisms, mainly animals or fungi, able to survive desiccation (reviewed in Ref. [7] ; many other reviews cited in Ref. [1] ). Although trehalose levels do not always correlate strongly with anhydrobiotic potential in a number of organisms [1, 4, 33, 34] , the prevailing hypotheses which attempt to explain anhydrobiosis all involve non-reducing disaccharides in some capacity. Despite this prominence, the current study is the first to examine the genetics of trehalose synthesis in an anhydrobiotic animal. Two tps genes were found in A. avenae, both of which encode very similar proteins and are most similar to tps-2 of the model nematode, C. elegans. No evidence was found for a counterpart in A. avenae of Ce-tps-1, a second gene in C. elegans, but it cannot be ruled out that more genes exist. An unusual feature of the A. avenae tps genes is that four different SL1-like spliced leaders are used. Indeed, there might be an even greater degree of variability in spliced leaders of A. avenae, since other sequences have been found in a RACE cDNA library (W. Reardon and A.M.B., unpublished). Such variability is unprecedented in nematode SL1 sequences, which are almost identical across a wide range of species [24] , and its significance is currently unclear.
Apart from differences due to alternative splicing, the predicted protein sequences of TPS enzymes from A. avenae are almost identical. Their membership of the GT-20 family of carbohydrate active enzymes is apparent from the conserved sequence, corresponding to E. coli OtsA, which comprises the central region of the longer forms of A. avenae TPS sequence. The role of the sequences flanking the GT-20 region is not known, however. Phylogenetic analysis of GT-20 region sequences from a range of organisms suggests that nematode TPS sequences have undergone accelerated molecular evolution. If there are fewer functional constraints on the N-and C-terminal domains than on the GT-20 region, accelerated evolution might explain the apparently lack of similarity between nematode and other TPS proteins outside the catalytic domain. An understanding of TPS function is complicated by proteins such as yeast (S. cerevisiae) TPS3 and TSL1 which are related to, and form a complex with, the enzymes TPS1 (equivalent to OtsA) and TPS2 (equivalent to OtsB) from the same organism. However, it is thought that TPS3 and TSL1 have a regulatory, rather than catalytic, role [35] . The N-and C-terminal domains of animal and plant TPS proteins could be involved in protein complex formation and might also have a regulatory function [36] , but require further experimental investigation before this can be elucidated.
The increased A. avenae tps mRNA levels observed in dehydrating animals is in keeping with a role for trehalose in anhydrobiosis; they are of the same order as, and therefore could be largely responsible for, the concomitant increase in trehalose concentration [3] . Although to a lesser extent, both genes are also upregulated by cold shock and osmotic stress, which might indicate a more general role for trehalose in alleviating the effects of reduced water activity, and perhaps other stresses, in the nematode. Certainly, our data do not support an exclusive role for trehalose in anhydrobiosis and, indeed, further evidence, such as might be obtained after RNAi knockdown, is required to demonstrate that it is actually necessary for desiccation tolerance. An increasingly wide range of functions are attributed to trehalose; for example, it is well known to act as an organic osmolyte in micro-organisms [17, [37] [38] [39] and it has also been implicated in the cold stress response of E. coli [15] . Heat shock and oxidative stress do not seem to activate tps genes in A. avenae, but this contrasts with the situation in micro-organisms, where trehalose is thought to play a role [13, 14, 16] . At present, other than a few studies in anhydrobiosis, there is sparse information on trehalose synthesis in nematodes [40] . In C. elegans, RNAi indicates that trehalose is not required for normal metabolism or development [9, 41] , but a role in stress tolerance in nematodes seems likely; our tps gene expression results suggest that it will be of interest to determine trehalose concentrations in A. avenae and other nematode species under various stress conditions (other than desiccation [3] ).
